von Willebrand factor (VWF) is a naturally collapsed protein that participates in primary haemostasis and coagulation events. The clotting process is triggered by the adsorption and conformational changes of the plasma VWFs localized to the collagen fibres found near the site of injury. We develop coarse-grained models to simulate the adsorption dynamics of VWF flowing near the adhesive collagen fibres at different shear rates and investigate the effect of factors such as interaction and cooperativity of VWFs on the success of adsorption events. The adsorption probability of a flowing VWF confined to the receptor field is enhanced when it encounters an adhered VWF in proximity to the collagen receptors. This enhancement is observed within a wide range of shear rates and is mostly controlled by the attractive van der Waals interactions rather than the hydrodynamic interactions among VWF monomers. The cooperativity between the VWFs acts as an effective mechanism for enhancing VWF adsorption to the collagen fibres. Additionally, this implies that the adsorption of such molecules is nonlinearly dependent on the density of flowing VWFs. These findings are important for studies of primary haemostasis as well as general adsorption dynamics processes in polymer physics.
Introduction
von Willebrand factor (VWF) is a large multimeric glycoprotein that plays a vital role in coagulation and haemostasis [1, 2] . Upon rupture of vascular walls, the plasma VWFs, whose monomers contain the modular domains of D 0 -D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK [2] , adhere to the subendothelial collagen fibres I and II via their A3 binding domains. The molecular structure of VWF is then stretched out, consequently leading to exposure of their A1 binding sites to the platelets' GPIba receptors as shown in figure 1 [1] [2] [3] [4] [5] [6] . The coagulation process further involves a direct attachment of platelet receptors to collagen fibres. However, it has been observed that such platelet -collagen interactions cannot withstand the hydrodynamic stresses found in shear rates above 1500 s 21 [1] . Hence, the success of thrombosis relies on the presence of VWF such that, on the one hand, its A3 binding sites interact with the collagen fibres and, on the other hand, its A1 domains interact with the platelets' GPIba receptors ( figure 1 ). This relies on adsorption of VWF through interactions of VWF's A3 binding sites to the collagen fibres and afterward, the integrin -RGD interactions between the VWF's A1 domains and the platelet's GPIba receptors [1] . In the proximity of the vessel wall surface, VWF experiences a hydrodynamic lift force that keeps it away from the receptor field [7] . However, this wall-repulsive force could be overcome by hydrodynamic and attractive interactions between VWF molecules such that the adsorbed VWF assists the flowing VWF to approach the receptor field. The interplay between the hydrodynamic lift force and the attractive intermolecular forces plays an & 2015 The Author(s) Published by the Royal Society. All rights reserved.
important role in the adsorption process of such biopolymers and the subsequent coagulation process. The dynamics of VWF and self-associated polymers in the flow has received great attention in recent years [8] [9] [10] [11] [12] [13] [14] . It has been observed that the stretching length of a single molecule of VWF, which naturally has a globular conformation, increases drastically when exposed to shear rates greater than 5000 s 21 [15] . Such a transition in the structure of VWF from the globular to the stretched conformations enables the exposure of more binding sites for the collagen receptors, increasing VWF adsorption likelihood under a high shear rate [15, 16] . Beside this complex behaviour at the single-molecule level, VWFs exhibit interesting cooperative effects through formation of reversible structures in colloidal suspensions when the shear rate varies [8, 17] . Furthermore, such a cooperation, which is originated from the interactions as well as the self-association capabilities of the VWF monomers, has been observed in the concentrated system of VWFs under high shear rates by the creation of a web-like network on collagen-coated substrates [9, 15] . Adhesion dynamics of a single VWF molecule on a collagen surface have been recently studied using computational models that simulated the interaction of the A3-domains of VWF with collagen receptors [16] . In this study, we develop models of VWF incorporating specific interactions among monomers of VWF and the collagen receptors, investigating the adsorption dynamics of a flowing VWF in proximity to an adhered VWF molecule. The cooperation between VWFs is shown to increase the adsorption probability.
Our results are significant because we show unprecedentedly that during the early stages of primary homeostasis, the adsorbed VWF molecule cooperates with the marginated flowing VWF to improve its adsorption probability. This cooperation is observed in a wide range of shear rates. Interestingly, in high shear rate regimes, in contrast to the hydrodynamic lift force keeping the flowing VWF away from the adsorbed VWF molecules, the stretched conformations of both molecules, i.e. the VWF adsorbed to the surface and the one flowing, increases the attractive intermolecular interactions and accordingly augments the cooperativity among the VWF molecules to enhance the adsorption process.
Material and methods
A coarse-grained model is developed for the VWF using a multiparticle collision dynamics (MPCD) approach with fluid modelled as a system of particles. The dynamics of particles is evolved locally and synchronously with continuous velocities at discrete time steps [18] . This particle-based method takes the thermal fluctuations as well as the hydrodynamic interactions into account for polymer systems [19 -21] . The MPCD consists of N s particles with mass m s each, which are confined in a simulation box edge dimensions as L x =a ¼ 60, L y =a ¼ 20 and L z =a ¼ 20, where a denotes the size of the cubic MPCD lattices. The position and velocity of the MPCD particles are evolved in two sequential steps: streaming and collision [18] .
In the streaming step, the positions of the solvent particles r An average lattice density of r ¼ 10 m s =a 3 and a MPCD timestep Dt CD ¼ 0:025 were used corresponding to a solvent viscosity of h 0 ¼ 20: 20] . To preserve the Galilean invariance, the random shift method is applied before each collision step [22] . Our simulations were carried out using NVT ensembles with a velocity-scaling thermostat used to enforce isothermal processes. The boundary conditions along the x-and y-directions of the simulation box were periodic and the shear flow was applied along the x-direction. The wall at z ¼ 0 was fixed while a constant velocity boundary condition was applied at the wall at z ¼ L z corresponding to the assigned shear rates. To implement the zero velocity at z ¼ 0, the virtual-particles method as well as bounce-back boundary condition are adopted [21] .
The VWF is modelled as a coarse-grained polymer using monomers of radius a p ¼ 0:25a with potentials (see below for a detailed description), defining the interaction among monomers [16] . The harmonic potential, which preserves the connectivity among monomers, is given by
The relative distance of the neighbouring monomers is denoted by r iþ1,i while k ¼ 200k B T=a 2 p is the spring stiffness [16, 23] . The pairs of the monomers also interact through the Lennard-Jones potential
, where e corresponds to the depth of the potential well and r ij is the distance between monomers i and j. It has been shown that for the case of e ¼ 2:0k B T, the polymer forms a self-associated globular structure similar to the relaxed globular conformation of the VWF [16, 23] . In this model, N r beads, resembling the subendothelial collagen receptors, are uniformly distributed on the surface located at z ¼ a/2 resembling a receptor density of f. The specific interactions between collagen beads and A3 domains of the VWF monomers are simulated by the Bell mechanism [8, 16, 24] . According to this mechanism, when a monomer of VWF is located within the reaction distance of the collagen bead ðR reac ¼ a p Þ, a bond between the monomer and its corresponding collagen bead is formed with probability of P B ¼ exp(À U B =k B TÞ, where U B is the binding energy and it is assumed that the VWF monomers can solely form one bond with each collagen bead. This bond is modelled by a harmonic spring with potential energy of U r ¼ k=2ðr i,p À r j,r Þ 2 [11, 16] . The position of the ith VWF monomer and the jth collagen receptor are denoted by r i,p and r j,r , respectively. While attached, VWF could be dissociated with the probability of P UB ¼ exp(ÀU UB =k B TÞ, where U UB is the unbinding energy [16] . The difference between binding and unbinding energies is named as bonding energy and denoted
To allow an unbound ligand to have sufficient time to diffuse away from a receptor, the binding and unbinding attempts are carried out every t 0 ¼ 100 MPC steps.
To confine VWFs within a specific height with respect to the receptor field, a repulsive wall with the potential of U w is included such that it is analogous to the repulsive part of U lj . The elevation of this repulsive wall is such that it does not affect the initial height of the globule centre of mass (DZ 0 CM ) with respect to the receptive field. The receptor field and repulsive wall are illustrated in figure 2 with grey beads and a purple dashed line, respectively. The position and velocity of the monomers are integrated using the velocity-Verlet algorithm with time steps Dt MD ¼ Dt CD =20: The monomers interact with solvent particles by participating in collision steps [19] . The characteristic timescale, defined by the monomer diffusion time, is calculated by t ¼ 6pha 3 p =k B T: In the first step, the VWF is embedded in the bulk flow where neither the receptor field nor the repulsive wall is present. The first 5000 MPC steps are allocated for the relaxation and the shear flow is induced afterward. The extension length of VWF along the x-axis is denoted by R s and its rescaled averaged value R s =2N p a p against normalized shear rates _ gt is shown with the filled diamonds in figure 3 . By calculating the variance of the squared VWF extension (the results are not shown), the transitional shear rate becomes _ g c t ¼ 10 which matches well with the formerly reported data [23] .
The VWF is initially kept in the proximity of the receptor field, where N r ¼ 4800 receptors are placed with the density of w r ¼ 2=a 2 : After 5000 MPC steps of relaxation, the shear flow is introduced. The fraction of time in which the number of adhered monomers becomes larger than 10 is denoted by T Nb.10 [16] . This is shown in figure 3 for different values of shear rates as well as different values of DE 0 . In this figure, the unbinding energy is kept constant so that the unbinding time, which is determined by t UB ¼ t 0 exp( U UB =k B TÞ, matches well for all cases. In the case of DE 0 ¼ À1:0k B T, the transitional behaviour of VWF adhesion dynamics (figure 3, triangle symbols) coincides well with that of the stretching dynamics (diamond symbols) of VWF. This bonding energy also falls within the previously reported energy range, which explains the VWF's adhesion behaviour [16] . Thus, we consider DE 0 ¼ À1:0k B T as the bonding energy and w r ¼ 2=a 2 as the receptor density.
Results and discussions
We used our coarse-grained model of the VWF polymers together with the MPCD approach for the fluid in order to examine whether and how pairwise interactions among the monomers of VWFs affect the adsorption mechanism of a flowing VWF. The monomers of the first VWF were initially located within the reaction radius of the receptors such that the VWF associates with the collagen receptors. The distance figure 2) . Additionally, the initial y components of both VWFs are set to L y /2. A repulsive wall was also placed at DZ 0 CM þ DZ (where DZ is calculated by the summation over the radius of the globule and the cut-off radius of the repulsive wall). The implementation of such repulsive wall determines the density of VWF molecules near the collagen fibres. By changing the cut-off radius of the repulsive wall, we ensured that this parameter does not affect the VWF conformation and dynamics results (data not presented). Both VWF molecules were relaxed before the shear flow is introduced for T ¼ 100t. Once the shear was applied, the VWF located near the receptors adhered to the surface and then stretched out while the other VWF molecules moved along the x-axis. After passing over the adhered VWF several times, the flowing VWF reduced its height and finally its monomers fell into the reaction radius of the receptors before it was adsorbed. The snapshot series of the adsorption procedure when the initial height of the flowing VWF centre of mass is DZ 0 CM ¼ 10a p and the shear rate is _ gt ¼ 16 is shown in figure 3 . Another simulation was implemented with an identical set-up except with only one flowing VWF in the absence of an adhered VWF. The simulations were repeated for six sets of five trials and in each set, the adsorption probability was calculated as the fraction of times in which the flowing VWF was adsorbed relative to the total number of trials. The adsorption probability is presented in figure 4a ,b for different initial heights of the flowing VWF as well as different shear rates when there was only one flowing VWF (n VWF ¼ 1) or with one adhered VWF and another flowing VWF (n VWF ¼ 2). The simulations of the system in which the shear rate is _ gt ¼ 16 are shown in the electronic supplementary material, movie. Adhered and flowing VWFs had roughly globular structures for shear rates smaller than _ gt ¼ 8 and their structures became stretched when they experienced a higher shear rate. The flowing VWF completely adhered to the surface when DZ 0 CM ¼ 6a p and n VWF ¼ 2, however, this probability decreased for higher shear rates with only one flowing VWF (n VWF ¼ 1). For the case of DZ 0 CM ¼ 8a p and n VWF ¼ 2, the adsorption probability of the flowing VWF was remarkably higher than that in the n VWF ¼ 1 scenario and this behaviour was observed within a wide range of shear rates. The same adsorption trend was also observed when DZ 0 CM ¼ 10a p , however, the adsorption probability for both cases with n VWF ¼ 1 and n VWF ¼ 2 decreased as the distance between the flowing and adhered VWFs increased. The hydrodynamic as well as van der Waals interactions are two possible causes behind the enhancement of the adsorption probability. To isolate the effects of each interaction and differentiate their impact on the adsorption behaviour of the flowing VWF, the attraction part of the LennardJones potential between the monomers of VWFs was switched off, leaving only the repulsive potential. Hence, interactions among the VWF monomers were only hydrodynamic and steric. The hydrodynamic interaction between the flowing VWF and the adhered one is important because the adhered VWF is not totally fixed at the collagen surface and it may change the flow velocity field through its conformational changes caused by the dynamics of attachment and detachment of its beads near the collagen receptors. The adsorption probability of the flowing VWF for the case of DZ 0 CM ¼ 8a p is shown in figure 4b where only the hydrodynamic interactions among the VWF monomers are present. The absence of attracting interactions among the VWF monomers approximately resulted in similar trends found in the case without adhered VWFs. These simulations suggest that hydrodynamic interactions are not sufficient to enhance the adsorption mechanism, but they do not reject their necessity in the adsorption events. Nevertheless, the attractive interaction plays a major role in adsorbing flowing VWFs such that the presence of an adhered VWF perturbs the spatial distribution of the flowing VWF monomers along the z-direction, and forces them to approach the receptor field and, ultimately, increases the probability of falling within the reaction region of the receptors. The probability distribution function (PDF) of positions of flowing VWF monomers along the z-direction for two initial heights DZ 0 CM ¼ 8a p (square symbols) and DZ 0 CM ¼ 10a p (triangle symbols) are shown in figure 4c. In these simulations, the adhesion ability of the flowing VWF monomers was switched off such that they could not form bonds with the receptors. The presence of an adhered VWF caused the maxima of the PDFs to shift towards the lower heights and this is remarkable for the case in which the initial height of the flowing VWF is DZ 0 CM ¼ 8a p : It should be noted that the adsorption probabilities in figure 4a,b are calculated over the cases wherein the flowing VWF approaches the surface and at least one of its monomers attaches to the collagen receptors. To analyse the adhesion dynamics of the flowing VWF to the collagen receptors after it is adsorbed on the surface, we calculate the adhesion rate and the height of the centre of mass of the flowing VWF for the cases in which the flowing VWF approaches the collagen receptors and are adsorbed on the surface. As shown in figure 5 , the adsorbed flowing VWF is extended and while approaching the collagen surface as the shear rate increases. Concurrently, the adhesion rates of adsorbed flowing VWF increases and the trend is analogous to the cases where the VWF is initially adsorbed on the surface ( figure 3 ) and earlier experimental reports [15, 16] .
Conclusion
The adsorption dynamics of VWF multimeric glycoproteins, which are the triggering cause of primary haemostasis, were studied here using coarse-grained models. Our results suggest that when a VWF molecule is flowing in proximity to a collagen receptor field, its monomers, which includes the A3 domains, may fall within the reaction region of the collagen receptors and form bonds. This behaviour is caused by the conformational changes and instabilities exhibited in the VWF molecule under the influence of hydrodynamic shear forces as well as thermal fluctuations. However, when a flowing VWF glycoprotein is passing over another VWF that is adhered to the collagen receptor field, it approaches the surface and its adsorption is enhanced due primarily to attractive interactions rather than hydrodynamic interactions among the VWF monomers. Given h ¼ 10 À3 Pa s as the viscosity of water and a p ¼ 70 nm as the radius of the VWF monomer [23, 25] , such enhancement in the adsorptions occurs within the wide range of shear rate _ g % 1300À12 000 s À1 , in which the flowing VWF has either a roughly globular or extended conformation [15] .
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The hydrodynamic lift force exerted on the monomers has an increasing functionality with respect to the shear rate and the extended length of the polymer (L), 16] . Hence, the cooperation within VWFs should increase in high shear rate regimes to overcome the hydrodynamic lift force, as observed in our simulations, likely because in a high shear rate both the flowing and adhered VWFs have extended conformations, increasing their attractive interaction. Additionally, our results reveal that in addition to the shear stress that triggers the adsorption of VWF [16] , the immobilized adsorbed VWF boosts the adsorption of flowing VWFs nearby. The adsorption dependency of flowing VWFs on the presence of another adsorbed VWF implies the nonlinear dependency of adsorbed VWFs on the density of flowing VWFs. Accordingly, the adsorption success rate increases drastically as the number of adsorbed VWFs on the collagen surface increases. For a height of 400 nm or less, the cooperativity between VWFs leads to adsorption of all flowing VWFs. Hence, the adsorption process is definitely accomplished if there exists a corresponding biological mechanism that forces VWFs to be marginated within this range. It has recently been shown that the colloidal suspension, which can correspond to the other blood components such as red blood cells, could affect the spatial distributions of the globule polymers [11] . The observed cooperation within VWF molecules adhered on the collagen surface could also be investigated in a system where a larger number of VWF molecules are included. Recent research and experiments have elaborated on the collective motion as well as selfassembly of globular polymers and VWFs when they are either located in the bulk flow or adsorbed on an adhesive surface [4 -6,8,9,11,17,26] . Our results could potentially be important for studies of adsorption dynamics of polymer physics as well as the current mathematical and coarsegrained models [3] used to analyse primary haemostasis and coagulation processes.
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